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Hybrid lead halide perovskites, such as CH3NH3PbX3 (X=I, Br), are direct gap semiconductors that 
offer many superior optoelectronic properties combined with extremely simple solution-
processing fabrication methods. This makes them very attractive for use in applications like solar 
cells or light-emitting devices.  Recently, also their nonlinear optical properties have received 
increased attention due to reports of high nonlinear refraction in thin films and nanoparticles. 
However, understanding of the underlying mechanisms is poor and limited by the lack of 
knowledge of fundamental parameters like the nonlinear refractive index of the bulk material. 
Here, we measure both nonlinear absorption and nonlinear refraction in a CH3NH3PbBr3 single 
crystal using the Z-scan technique with femtosecond laser pulses. At 1000 nm, we obtain values of 
5.2 cm/GW and 9.5∙10-14 cm2/W for nonlinear absorption and nonlinear refraction, respectively. 
Sign and magnitude of the observed refractive nonlinearity are reproduced well by the two-band 
model. To our knowledge, these measurements mark the first characterization of nonlinear 
refraction in any metal halide perovskite single crystal and thus will serve as an important 
reference for assessing the potential of this emerging material class for nonlinear optical 
applications. 
Metal halide perovskites have seen a tremendous interest recently due to the demonstration of high 
efficiency solar cells with thin film processed devices offering the prospect to revolutionize the field 
of photovoltaics in both fabrication costs and efficiency.1 Among strong efforts to further improve 
the understanding of the intricate photophysics and to exploit their highly luminescent properties for 
light-emitting devices and lasers,2,3 metal halide perovskites have gained considerable interest in 
exploring their nonlinear optical properties.4–7 Perovskite thin films,4,5,8 nanocrystals,8,9  and two-
dimensional perovskites10 have shown promising nonlinear optical properties in terms of absolute 
values as well as in their figure of merit (FOM). The FOM relates the magnitude of nonlinear 
refraction to the amount of nonlinear absorption and thus indicates how well a material is suited for 
applications such as nonlinear optical switching. In this context, the question arises whether the so 
far reported promising nonlinear optical properties of perovskites are the result of the particular 
nanostructure of the samples investigated, overestimation due to scattering and thermal effects or 
whether they represent an intrinsic property of the material class. Up to now, no reports exist on the 
intrinsic refractive nonlinearity of any metal halide perovskite single crystal to shed light on this 
fundamental question.6,7 (Note that the value of nonlinear refraction for MAPbI3 single crystals listed 
in Ferrando et al. could not be found in the given or any other reference such that we think that 
Ferrando et al. must  have confused it with another parameter.6) Metal halide perovskites single 
crystals have been used to probe the ultimate limit of carrier transport and have shown to exhibit 
extraordinary low trap-state densities and large diffusion lengths.11,12 Knowledge about the refractive 
index nonlinearity in perovskite single crystals would help to separate the intrinsic nonlinearity of the 
material system from possible enhancement effects of the nonlinearity in perovskite nanostructures 
due to confinement or carriers.13 This is also of particular relevance as grain boundaries and other 
sample imperfections can lead to strong scattering in Z-scan experiments, which cast serious doubt 
on the validity of some measurements and their extracted values of the nonlinear refractive 
index.4,6,8 
Here, we measure the nonlinear refractive index of a CH3NH3PbBr3 (or MAPbBr3) single crystal with 
the Z-scan method and compare the obtained value to reports of nonlinear refraction in various 
metal halide perovskite nanostructures. Apparently, some of the values reported for nanostructured 
samples substantially deviate from the single crystal data. As such, our results raise the question to 
what extent nonlinear optical properties reported for nanoparticles can be indeed attributed to 
confinement or carrier effects in the nanostructures and to what extent they may be the result of an 
overestimation due to the limitations of the Z-scan technique when using highly polycrystalline 
samples. 
Results and Discussion 
To verify the properties of the synthesized MAPbBr3 single crystals, we initially determined the linear 
absorbance and the one-photon induced PL (in reflection geometry) of the single crystal MAPbBr3 
sample excited by a frequency-doubled, mode-locked Ti:Sapphire laser at 440 nm. The optical 
characteristics agree well with the results of Wenger et al. and are displayed in Figure 1a.14 Figure 1b 
shows representative XRD data of the synthesized MAPbBr3 single crystals, which are in good 
agreement with reference data.15 In addition, current-voltage measurements of MAPbBr3 single 
crystals synthesized in the same manner show very low trap state densities (see Figure S1 in the 
supporting information) further demonstrating the high quality of the crystals. 
 
Figure 1: (a) Absorbance (black line) and PL (yellow area) of the MAPbBr3 single crystal sample when excited with a pulsed 
laser at 440 nm. The inset shows a photo of the sample attached to the sample holder. (b) Representative XRD data of the 
fabricated single crystals. (c) Two-photon absorption coefficient of the sample as a function of incident polarization of the 
probe laser at 880 nm. The solid line represents the theoretical model. 
In addition to that, we measured the polarization-resolved two-photon absorption coefficient with 
the Z-scan technique with the same probe laser at 880 nm, which is shown in Figure 1c. The obtained 
polarization dependence complies well with the expected behavior for a cubic crystal structure,16  
() = {1 + 2[sin( + ) − sin( + )]}, (1) 
 
where the parameters A = 5.75 GW/cm, σ = 0.95 and φ = 2 yield good correspondence with the 
measured data. The large value of the anisotropy parameter σ  thereby highlights the highly 
crystalline structure of the sample compared to other values reported in literature.17,18 For a 
comparison of the absolute magnitude of nonlinear absorption, we refer to a later section in the text, 
where we discuss nonlinear absorption measurements at 1000 nm with a kHz laser system.  
  
Figure 2: Z-scan measurements of (a) nonlinear absorption and (b) nonlinear refraction at 1000 nm for different probe 
intensities at 1 kHz repetition rate. The solid lines represent fit functions that are used to extract nonlinear absorption and 
refraction. The inset in (b) displays Z-scans measured with the same peak intensity but different repetition rates of the 
probe laser (blue circles: 1 kHz, orange squares: 100 Hz). 
Figure 2 shows exemplary Z-scan measurements of nonlinear absorption and nonlinear refraction for 
different incident intensities at a probe wavelength of 1000 nm. For fitting the open-aperture scans 
of Figure 2a, we use the model of Sheik-Bahae et al.,19 
() = √()  ln 1 + !"()#$%&' ()*+$+ , (2) 
where q0(z)=βI0Leff/(1+z2/z02) with β being the two-photon absorption coefficient, I0 the on-axis peak 
intensity of the probe laser pulse, Leff=(1-exp(-αL))/ α the effective sample length with L being the 
physical sample length, α the linear absorption coefficient and z0 the Rayleigh length of the focused 
beam. The total absorption coefficient is then given by α+βI0. At 1000 nm, nonlinear refraction is 
positive as indicated by the valley preceding the peak of the Z-scan around the focus in Figure 2b.  
These Z-scan measurements of nonlinear refraction are obtained by dividing the partially closed 
aperture scan by the open aperture scan and normalizing it to transmission one at z positions far 
from focus.  For fitting, we use a model for optically thick samples,20 
() = 1 + ΔΦ".(/, 1), 
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with x=z/z0, l=L/z0 and z0 =n0πw02/λ being the Rayleigh range within the sample. Here, n0 is the linear 
refractive index, which has been taken as 2 according to Park et al.,15 and w0 is the beam waist at 
focus which is derived as 18±2 µm. ΔΦ0 =kn2I0Leff is the on-axis nonlinear optical phase shift where k 
is the wave number and n2 is the nonlinear refractive index. The total refractive index is n0+n2I0. The 
inset in Figure 2b displays two Z-scans at the same peak intensity but at different repetition rates 
(100 Hz and 1000 Hz) to assess possible thermal effects. Since no significant deviation of the two 
measurements is observed, we rule out any thermal effects on the measurements and perform them 
at 1000 Hz. From the above fit functions we can deduce the normalized nonlinear absorption q0 = 
q0(0) and nonlinear on-axis phase shift ΔΦ0, which we plot in Figure 3a and b as a function of on-axis 
peak intensity, respectively. Both quantities follow approximately a linear trend with increasing peak 
intensity confirming the presence of a third-order nonlinearity. The stronger fluctuations of the data 
points around the linear fit function in Figure 3b compared to Figure 3a are attributed to the fact 
that the Z-scan measurements in Figure 2b contain more noise than the open aperture scans due to 
the smaller absolute power levels present in these measurements and the additional division by the 
open aperture scan. 
 
Figure 3: (a) Normalized nonlinear absorption and (b) on-axis nonlinear phase shift showing a linear trend with increasing 
peak intensity, thus confirming a third-order nonlinearity. 
From the slope of the interpolation functions in Figure 3a and b we deduce the nonlinear absorption 
and refraction coefficients, β and n2, respectively. Main error source in their determination is the 
uncertainty of the peak power density at focus, which we estimate by considering the inaccuracies in 
the pulse length and beam width determination and the average power fluctuations. By fitting the 
data points as a function of the upper and lower limit of the intensity scale, that considers these 
variations, we retrieve the uncertainty of the nonlinear optical coefficients. We treat scattering at the 
surfaces and within the sample like linear absorption by defining a linear absorption coefficient α as 
done by Saouma et al.18 As we measure a total transmission of T2 exp(-αL) = 0.52, but, considering 
only the reflection at the interfaces, total transmission should amount to 0.79, we incorporate all 
additional losses into α. Then, the effective length Leff yields 530 µm while the physical length L of the 
sample is 650 µm. As a result, we obtain β = 5.2(+2.7/-1.3) cm/GW for nonlinear absorption and n2 = 
9.5(+5.0/-2.4)∙10-14 cm2/W for nonlinear refraction. The asymmetric errors are a result of the above-
mentioned extraction procedure, which uses the slope of normalized nonlinear absorption and 
nonlinear phase shift as function of intensity to extract the nonlinear optical coefficients. We point 
out that the nonlinear refractive index of any metal halide perovskite single crystal has not been 
measured before. The value of nonlinear absorption is somewhat smaller than the values obtained 
by Walters et al. and Saouma et al. for MAPbBr3 single crystal, with 8.6 cm/GW at 800 nm and 9 
cm/GW at 1064 nm, respectively.17,18 However, our value of β is well within the range of the 
polarization-resolved β from our preliminary investigation conducted at 880 nm and depicted in 
Figure 1c. 
Non-resonant, nonlinear absorption and refraction is often modeled by the two-band model, which 
relates the nonlinear optical absorption via Kramers-Kronig relations to nonlinear refraction.21 Taking 
the model for two-photon absorption, 
(<) = = >?@A&?BC . DℏF?B G, (4) 
and for nonlinear refraction,  
H(<) = = ℏI>?@A&?BJ K DℏF?B G, (5) 
 
 with the material independent parameters K=3100, the Kane parameter Ep=21 eV and the dispersion 
functions F2(x) and G2(x) (with x being the photon energy normalized to the band gap), as specified in 
Sheik-Bahae et al.,21 and only using the material specific parameters for the band gap, Eg = 2.2 eV, 
and the refractive index, n0 = 2, we obtain β = 8.2 cm/GW and n2 = 8.1∙10-14 cm2/W at 1000 nm. These 
values are remarkably close to our experimentally obtained results including the same positive sign 
for nonlinear refraction.  
Structure Material Band 
gap 
(eV) 
Wavelength 
(nm) 
Pulse 
properties 
β 
(cm/GW) 
n2 ∙10-14 
(cm2/W) 
Ref. 
Single 
crystal 
MAPbBr3 2.2 1000 70 fs, 1 
kHz 
5.2 9.5 This 
work 
Thin film MAPbBr3 2.21 1064 1 ns, 20 
kHz 
- 11000-
35000 
8 
Thin film MAPbI3 1.61 1028 200 fs, 
1kHz 
-500 (SA)-
272000 
210-1900 4 
Thin film MAPbI3 1.61 1064 40 ps, 10 
Hz 
-2250 (SA) 3740 5 
Nanocrystals MAPbBr3 2.38 800 130 fs, 76 
MHz 
4.1 (-40.1) 9 
Nanocrystals CsPbBr3 2.36-
2.38 
600-800 50 fs, 1 
kHz 
0.5-180 1-290 22 
Table 1: Comparison of the MAPbBr3 single crystal nonlinear optical properties to those of several other perovskite 
nanostructures from literature. SA stands for saturable absorption.  
For comparison, GaAs shows roughly three times larger values for the nonlinear coefficients, with β = 
26 cm/GW and n2 = -31∙10-14 cm2/W at 1064 nm.23 The FOM = |1/λ∙n2/β| is approximately the same, 
while GaAs at this wavelength exhibits 0.11 we obtain here 0.1 for MAPbBr3. 
More importantly, we can compare our results to previous measurements of nonlinear refraction in 
perovskite thin films and nanocrystals (Table 1). So far, for MAPbBr3 there have only been reports 
about measurements on thin films and colloidal nanocrystals.8,9 For thin films,  Suarez et al. obtained 
values of n2 between 1.1∙10-9  and 3.5∙10-9 cm2/W at an excitation wavelength of 1064 nm with ns 
long pulses.8 This is five orders of magnitude higher than the values obtained here for the bulk 
material and demands for more detailed investigations of the mechanisms that enhance the 
nonlinear optical response in thin films so drastically. In addition, the possible influence of the pulse 
length in the measurement needs further clarification.  
Lu et al. claim negative nonlinear refraction of MAPbBr3 nanoparticles of -4.01∙10-13 cm2/W at 800 nm 
probed by femtosecond pulses.9 However, we believe that the use of a 76 MHz repetition rate laser 
might have obscured their measurements of an ultrafast Kerr nonlinearity as we also measured a 
negative nonlinearity when using an 80 MHz repetition rate laser in preliminary investigations.  
However, by resolving the temporal dynamics at the µs scale we were able to trace this back to a 
rather slow thermal nonlinearity as shown in the supporting information in Figure S3.  
For MAPbI3 thin films, both Kalanoor et al. and Zhang et al. report large values of nonlinear 
refraction, 1.9∙10-11 cm2/W with fs pulses and 3.7∙10-11 cm2/W with ps pulses, respectively.4,5 There, 
even for non-resonant probing close to 1000 nm large saturable absorption is observed in the open-
aperture Z-scan measurements, which is attributed to the presence of sub-gap states. Thus, the 
observed enhancement of the refractive nonlinearity in these thin films can most likely be explained 
with carrier effects. Time-resolved measurements of the nonlinear refractive index could provide 
further insight into this phenomenon. 
It is important to note that substantially smaller numbers for nonlinear refraction of CsPbBr3 
nanocrystals in the range of 1∙10-14 cm2/W and 290∙10-14 cm2/W were obtained at wavelengths from 
600 nm to 800 nm if lower repetition rates of 1 kHz and femtosecond pulses were used.22  
Conclusions 
In conclusion, we have measured nonlinear refraction in a MAPbBr3 single crystal. We find a 
nonlinear refractive index of 9.5∙10-14 cm2/W at 1000 nm, which is in good agreement with the two-
band model. These results show that the significantly larger values of nonlinear refraction reported in 
the literature for thin films and nanoparticles cannot be explained with an intrinsically high nonlinear 
refractive index in metal halide perovskites but rather by carrier or confinement effects. Our results 
provide the first report of nonlinear refraction in a high-quality metal halide perovskite single crystal. 
We expect that our findings will trigger further investigations of the underlying mechanisms of 
nonlinear refraction in perovskite single crystals and nanostructures. 
 
Methods 
Sample fabrication:  
MAPbBr3 single crystals were grown by the inverse temperature crystallization procedure.24 Briefly, a 
1 M solution of PbBr2 (Sigma Aldrich) and methylammonium bromide (Dyesol) was prepared in 
anhydrous dimethylformamide (DMF from Sigma-Aldrich) at room temperature. The MAPbBr3 
perovskite crystals were grown at 80°C. More details about the growth and characteristics of the 
MAPbBr3 single crystals can be found in our previous paper.25 For the Z-scan measurements, the 
samples were cleaved on both sides to improve the optical quality. 
 
Current-Voltage traces 
 
The MAPbBr3 single crystals were cleaved from both sides to achieve a fresh surface. Au electrodes 
(thickness 150nm) were thermally evaporated onto both fresh surfaces in a vacuum chamber. The I/V 
characteristics were recorded in darkness using a Keithley 236 source measure unit. The trap density 
has been derived following the procedure detailed in Saidaminov et al.24 
 
Experimental setup: 
For Z-scan measurements of nonlinear refraction, we use a 1 kHz regenerative amplifier system 
(Spectra-Physics Spitfire Ace), that drives an optical parametric amplifier, which emits pulses 
centered at 1000 nm. The 1 kHz repetition rate of the probe laser prevents cumulative heating of the 
sample that otherwise might lead to strong thermal lensing and thus overshadows an ultrafast Kerr 
nonlinearity. This has been confirmed by reducing the repetition rate with a chopper down to 100 Hz 
without observing a significant difference in the Z-scan measurement (see the inset of Figure 2b). 
Autocorrelation measurements of the probe beam yield a pulse duration of 70 fs with an estimated 
uncertainty of ± 5 fs. The probe beam is focused down to a spot size of 18±2µm with a lens of 10 cm 
focal length. The sample is mounted on a computer-controlled translation stage which moves the 
sample through the focused beam. After passing through the sample, the beam is divided by a beam 
splitter in equal parts and recorded by two large area silicon photodiodes, one of which has a 
partially closed aperture in front of it. Lock-In detection is used for extracting the signal of both 
photodiodes. To vary the probe intensity, neutral density filters are inserted in front of the setup. An 
overview of the setup is displayed in Figure S2 of the supporting information. 
The setup for the measurement of the polarization-resolved two-photon absorption as depicted in 
Figure 1c is very similar, but a 80 MHz mode-locked Ti:Sapphire laser at 880 nm was used. The 
polarization is rotated with a λ/2-plate inserted in front of the focusing lens. 
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Figure S1: Current-Voltage traces of MAPbBr3 single crystals revealing a low trap state density of (2.8±0.42)∙1010 cm-3. This 
value is nearly the same as in Saidaminov et al.S1  
 Figure S2: Z-scan setup for measurement of nonlinear refraction and absorption. A 1 kHz regenerative amplifier system 
drives an optical parametric amplifier (OPA) which emits ultrafast laser pulses centered at 1000 nm. An autocorrelator (AC) 
is used for pulse length determination. After passing through an ND filter with variable attenuation, the probe beam is 
focused by a lens with 10 cm focal length. A translation stage moves the sample through the focus of the beam, which is 
subsequently recorded by two large-aperture silicon photodiodes. An aperture before detector 1 only transmits the center 
of the beam and thus is sensitive to (de-)focusing of the beam while detector 2 records the total transmittance for the 
measurement of nonlinear absorption. 
 
 
 Figure S3: (a) Setup for evaluating the influence of a high-repetition rate laser (80 MHz) on Z-scan measurements of 
MAPbBr3 (as done by Gnoli et al.S2). The opening of the chopper window triggers the oscilloscope which records the 
temporal development of the Z-scan signal at the minimum and maximum position which is displayed in (b). For small times 
(< 30µs) the signal is nearly at 0. (c) Several Z-scan measurements recorded at different times after the chopper window 
opens. These results demonstrate the big influence of cumulative thermal effects when using high repetition rate lasers. 
The measurements here have been performed at 880 nm. 
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